Abstract: Wood specific gravity (SG) has long been used by foresters as an index for wood properties. More recently, SG has been widely used by ecologists as a plant functional trait and as a key variable in estimates of biomass. However, sampling wood to determine SG can be problematic; at present, the most common method is sampling with an increment borer to extract a bark-to-pith core-a difficult task requiring considerable physical effort and sometimes repeated borings to hit the pith, with potential to damage the trunk of small trees. Here, we test a novel sampling method that reduces the effort to obtain an adequate increment core and results in less wood extracted from the tree. The Wiemann approximation predicts the point along a radius at which the wood SG equals the disk cross-sectional SG. When SG changes linearly across the radius, the point of approximation is at two-thirds of the radial distance. As a test, we compare SG at various points along the radius with the true SG of the disk. At all points except the point of approximation (i.e., at two-thirds of the radial distance), wood SG differed significantly from the true cross-sectional mean SG, whereas at two-thirds of the radial distance, the wood SG did not differ significantly from the tree mean SG for a group of 128 tropical trees and 25 temperate trees that had been sampled bark to pith. Overall, the method shows promise in that wood SG of a tree may be estimated accurately and without bias by boring the tree only to the point of approximation, that is, one-sixth of the trunk diameter. However, boring to one-sixth of the diameter provides an unbiased estimate of SG only if radial variation in SG is a linear function of radial distance. A limitation of the method is that an initial subsample of trees must be bored to determine the pattern of radial variation in a species before the approximation can be applied to other individuals. FOR. SCI. 58(6):577-591.
W
OOD SPECIFIC GRAVITY (SG) is the single most important predictor of wood physical and mechanical properties (Panshin and de Zeeuw 1980) . It measures the allocation of secondary xylem to structure, i.e., the amount of dry biomass per unit volume of wood. In addition, SG appears to be a determinant of a tree's ability to survive (Schniewind 1962 , Putz et al. 1983 , Borchert 1994 , Wright et al. 2007 , Poorter et al. 2008 . Among plant functional traits, SG is the strongest indicator of a species position along the growth rate-mortality rate tradeoff (Wright et al. 2010) . For ecosystem analyses, wood SG is a crucial variable in estimation of biomass and carbon stocks (Brown and Lugo 1992 , Fearnside 1997 , Chave et al. 2005 , Nogueira et al. 2005 , 2008a , 2008b , Malhi et al. 2006 , Keeling and Phillips 2007 ).
In a standing tree, SG is usually determined from wood samples taken from the lower portion of the bole, typically by use of an increment borer or increment hammer. Increment hammers sample only the outermost 2-3 cm of a bole, whereas increment borers can sample radial cores, limited only by the length of the borer and one's ability to extract an adequate core. Borer diameters range from 4 to 12 mm, with the larger diameters giving the best samples when larger quantities of wood are required, as in SG measurements (Jozsa 1988 , Grissino-Mayer 2003 , Williamson and Wiemann 2010a . Larger diameter borers require disproportionately greater expenditures of energy to extract cores, so limiting the depth of penetration to only that required to obtain an adequate sample is desirable. However, SG estimates from the outermost wood may be unrepresentative of the entire trunk cross-section. Even complete pith-to-bark cores may result in biased estimates because SG can vary with radial distance, and the cross-sectional area of radial increments increases with radial distance from the pith (Williamson and Wiemann 2010a ). This bias is especially problematic when radial variation in SG is large, as is the case for many tropical trees (Whitmore 1973 , Wiemann and Williamson 1988 , 1989a , 1989b , Rueda and Williamson 1992 , Butterfield et al. 1993 , Castro et al. 1993 , Nock et al. 2009 , Williamson and Wiemann 2010b . Therefore, SG determination from a pith-to-bark core requires an area-weighted mean to estimate disk SG (Williamson and Wiemann 2010a) . Williamson and Wiemann (2010a) suggested a novel approach, based on stem geometry, which theoretically provides an alternative to the difficult tasks of extracting complete bark-to-pith cores, determining the SG of consecutive segments of cores, and calculating the area-weighted means. The proposed method is to sample only the wood that approximates the SG of a whole disk. If a function describing the radial variation in SG is known, then it can be used to determine the point along the radius at which the SG equals the area-weighted SG; in theory, the tree need only be bored to that point, termed the Wiemann approximation, to estimate cross-sectional SG (Williamson and Wiemann 2010a) . For radial changes that are linear, the point of approximation falls at two-thirds of the wood radius; i.e., the wood SG at two-thirds of the distance from pith to bark, in theory, should equal the SG of the whole disk (Williamson and Wiemann 2010a) .
Here, we present an initial test of this method using 153 trees from 70 species. There are two basic questions. First, does wood at two-thirds of the distance from the pith approximate the average area-weighted SG of the core? In application of the method, the point one-sixth of the diameter inward from the bark/xylem interface would be used to correspond to two-thirds of the distance from the pith outward. However, if a tree is eccentric, then a point that is one-sixth of the diameter inward from the bark might not coincide with two-thirds of the distance from the pith. Therein lies the second question: How well does the SG of wood at one-sixth of the diameter inward approximate the average area-weighted SG of the core for individual trees known to have eccentric pith?
Materials and Methods
Cores were collected from trees in temperate forests in New York and Mississippi and in tropical forests characterized as wet, dry, and montane in Costa Rica (modified from Hartshorn 1983). Names, abbreviations, geographic coordinates, and elevations of the sites are given in Table 1 . The dbh of each tree was measured at 1.3-m height with a diameter tape. Bark-to-pith or bark-to-bark (through the pith) wood samples were obtained with a 12-mm increment borer in most cases, although 13 of the trees were felled and 1-to 2-cm-wide bark-to-bark strips were cut from disks. However, we will refer to all of the samples as "cores" in this article. Only those trees whose cores contained pith or almost reached the pith (within 1 cm, as determined by the convergence of the wood rays) and were at least 6 cm long from pith to bark were included in further analysis. Cores that did not reach within 1 cm of the pith were discarded, and the trees were re-bored. Tree cores from complete bark-to-bark sampling were divided at the pith, with bark and pith discarded, so both sides could be compared.
The trees selected were freestanding and reasonably straight. Cores were usually taken at breast height or higher (above buttresses) if necessary. After the bark and the pith were removed, the remainder of each fresh core was cut into 1-cm pieces from the innermost piece outward, although wood grain sometimes shifted the cutting blade, resulting in pieces slightly longer or shorter than 1.0 cm. Green volume of each piece was measured accurately by water displacement, as described in Wiemann and Williamson (1988 , 1989a , 1989b . The pieces were then dried at 103°C to constant weight (24 -48 hours) and weighed on a top-loading balance. Basic SG of each piece was calculated as oven-dry weight/green volume/density of water. For the cores that did not quite reach the pith, the missing innermost 1-cm piece was assigned the same SG as its adjacent 1-cm piece.
The trees were partitioned into data sets for separate analyses based on whether we had one or both radial samples. Data from trees with only one core per tree were used to compare seven different estimates of SG as described below.
1. Arithmetic mean of all pieces (SG M ).
2. Weighted mean of all pieces (SG W ). This mean weights the SG of each piece by its relative contribution to the overall area calculated as (
3. Arithmetic mean of the innermost three pieces (SG I ). The forest types correspond roughly to the Holdridge Life Zones (Hartshorn 1983).
4. Arithmetic mean of three pieces located at one-third of the distance from the pith to the bark (SG 1/3 ).
5. Arithmetic mean of the three pieces located midway between the pith and the bark (SG 1/2 ).
6. Arithmetic mean of the three pieces located at twothirds of the distance from the pith to the bark (SG 2/3 ).
7. Arithmetic mean of the outermost three pieces (SG O ).
Trees sampled completely through provided two cores, which were used to compare their same 1-7 SG estimates above, as well as to compare the two within-tree estimates. In addition, these complete samples allowed comparisons based on the diameter inside the bark (dib), which was the sum of the two radii. The radii were often of unequal lengths, indicating some eccentricity, although the full extent of stem eccentricity remains unknown because we did not necessarily bore along the axis of maximum eccentricity. However, trees that appeared slightly elliptical rather than round were bored along the major axis, as practice has shown that the pith will lie on the major axis, but not the minor axis. The paired samples were analyzed as two data sets: short radii and long radii. Using the dib information, we defined an eighth SG estimate (SG 1/6dib ) as the SG value at one-sixth of the dib measured inward from the outside edge of the core; in a symmetrical stem this point corresponds to the point two-thirds along a radius from the pith. In practice, SG 1/6dib would be used to estimate SG 2/3 when trees are not bored all the way to the pith. Of course, SG 1/6dib would exactly equal SG 2/3 if the trunk were perfectly round with no eccentricity. This eighth estimate of SG is given as follows:
8. Arithmetic mean of the three pieces located at onesixth of the dib (SG 1/6dib ), where dib is determined from the two summed radii.
Note that for all estimates of SG at points along the radius (estimates 3-8 above) we used the three pieces nearest to the point because single pieces sometimes give erratic values, especially in tropical pioneer species that annually grow several cm in diameter (Wiemann and Williamson 1988) . Assuming SG W as the "true" SG, we computed both the means of the residuals (SG X Ϫ SG W ), where SG X is an SG estimate other than SG W , and the means of the absolute values (AVs) of the residuals. The mean of the residuals provides a measure of bias, and the mean of the AV of the residuals provides a measure of accuracy to the weighted means. All SG X estimates were compared with SG W values with paired t-tests performed in Microsoft Office Excel 2007.
Results
Summary information (species, tree number, collection site, forest type, dbh, number of 1-cm pieces from pith to bark, SG estimates 1-8, and the intercepts, slopes, and coefficients of determination of the regressions of SG on distance from pith) is given in the Appendix for 102 tropical trees (47 species) and 16 temperate trees (12 species) sampled only on one side and for the long and short cores of the 26 tropical trees (14 species) and 9 temperate trees (9 species) sampled from bark to bark through the pith. Two of the temperate trees showed no eccentricity, so their radii were arbitrarily designated as long or short.
Of the SG estimates based on only one bark-to-pith sample, paired t-tests showed significant differences (P Ͻ 0.01, df ϭ 117) between SG W and five SG estimates (SG M , SG I , SG 1/3 , SG 1/2 , and SG O ). Only one estimate, SG 2/3 , was not significantly different from SG W (P ϭ 0.28). The quality of each SG estimate can be assessed visually by how accurately it follows the diagonal line for the estimate plotted against the true SG W for these 118 trees (59 species) (Figure 1) .
The residuals from each of the estimates are plotted in Figure 2 for trees cored pith to bark (one side) and the long cores and short cores for trees cored bark to bark. The means and SDs of the residuals and the means of the AVs of the residuals for each of the groups are given in Table 2 . For all 153 trees considered together, the residual differences from the true SG W and their absolute values were smallest for SG 2/3 . For the pith-to-bark group, SG 2/3 has the lowest mean of the residuals (0.002) and the lowest mean AV of the residuals (0.016) ( Table 2) . SG 1/6dib also gave excellent estimates of SG W . For the trees sampled across their entire diameters, the means of the residuals (Ϫ0.001 and Ϫ0.005 for the long and short cores, respectively) were smaller than those of any estimator except SG 2/3 ( Table 2 ). The mean AVs of the residuals for SG 1/6dib were also small (0.018 and 0.017 for the long and short cores, respectively), although they were slightly larger than those of SG 2/3 (Table 2) . SG 1/6dib was not significantly different from SG W for either the short cores (SG 1/6dib ϭ 0.360 and SG W ϭ 0.365; P ϭ 0.22) or the long cores (SG 1/6dib ϭ 0.360 and SG W ϭ 0.361; P ϭ 0.77). SG 1/6dib was different from SG 2/3 for the short cores (SG 2/3 ϭ 0.372; P Ͻ 0.01) but not for the long cores (SG 2/3 ϭ 0.360; P ϭ 0.97). The mean of the residuals between SG 2/3 and SG 1/6dib was Ϫ0.003 Ϯ 0.0202, and the mean AV of the residuals was only 0.013 (compare with values in Table 2 ).
For the SG estimates from trees sampled bark to bark, paired t-tests showed no significant differences between the long and short radii estimates either for SG M or SG 1/6dib or at proportional points (0, 1/3, 1/2, 2/3, and 1) along the radii except for the inner wood, whose mean SG I ϭ 0.300 on the short radius differed from mean SG I ϭ 0.291 on the long radius (P ϭ 0.02, df ϭ 34).
SG I underestimated SG W in all but 19 of the 118 oneside trees (Figures 1 and 2 ). The negative residuals ( Figure  2 ) reflect the fact that inner wood is usually the lowest SG wood in a tree, either because it is juvenile wood or because of the large shifts toward high SG wood typical with age Williamson 1989a, Parolin 2002) . In the 118 pith-to-bark cores, SG O exceeded SG I by more than 50% in 51 trees and by more than 100% in 15 trees. Low SG wood was found nearest the pith in trees from tropical dry (e.g., Bursera simaruba), tropical wet (e.g., Ochroma pyramidale and Trema micrantha), and temperate (e.g., Sassafras albidum) forests (Figure 3a-d) .
The unweighted mean SG of all segments (SG M ) also underestimated SG W , in general, because the low SG segments near the pith had the same weighting as the high SG segments near the bark even though they represented less wood. One would expect a large bias in trees with a high radial shift in SG when segments are weighted equally, so it is somewhat surprising that the SG M did not deviate further from SG W (Figure 1 , top left, and Figure 2 , top row), especially when so many trees showed large pith-to-bark SG changes. Nonetheless, the residuals and their absolute values for SG M were still larger than those for SG 2/3 and SG 1/6dib (Table 2) .
Still, for some species with pronounced pith-to-bark SG trends, such as Bursera simaruba, Heliocarpus appendiculatus, and Ochroma pyramidale (Table 3) , the residuals varied predictably. They were large and negative when the estimation method was biased by inner wood and large and positive when biased by outer wood. With only a few exceptions, their SG estimates generally increased from SG I through SG 1/3 , SG M , SG 1/2 , SG 1/6dib , SG 2/3 , and SG O , with SG 2/3 having the smallest residuals (Table 3) 
Discussion
Overall, how well did the SG 2/3 approximation perform in estimating disk wood specific gravity? Of the 188 pithto-bark samples examined (118 from one side and 70 from two sides), 136 (72%) were within 0.02 SG unit of the true weighted SG and 183 (97%) were within 0.05 SG unit, as measured by the two-thirds radius method. The five samples with deviations of more than 0.05 SG unit all violated the assumption of linear radial changes in SG.
In general, the reliability of the SG 2/3 approximation is a result of the predictability in species' SG values. In angiosperms, studies of radial variation in SG usually show consistent patterns among individuals of a species (Panshin and de Zeeuw 1980 , Wiemann and Williamson 1988 , 1989a , 1989b , Parolin 2002 , Nock et al. 2009 ). Individuals aberrant to a species' radial pattern are found occasionally, just as individuals aberrant to a species' mean SG are encountered. Both traits, mean SG and radial shift in SG, are species-specific, with considerably more variation among species than within a species.
The researcher in the field, confronted with trees to sample, faces two questions before the Wiemann approximation can be applied. First, is the form of the SG-radial distance relationship linear? Second, is the trunk eccentric?
Linear Radial Changes in SG
Application of the SG 2/3 approximation assumes that the SG change across the radius is linear. Here, the linear radial change requirement is satisfied by a significant (increasing or decreasing) slope by linear regression or a constant SG across the radius with a slope of zero. With no radial shift in SG, any point sample is an unbiased estimate of the trunk SG, so the two-thirds approximation would function. For example, the temperate Magnolia grandiflora (Figure 3e ) and the tropical Pseudobombax septenatum (Figure 3f ) and Ficus insipida (Appendix) had no changes in SG from pith to bark, except for random variation, and their residuals showed no significant differences between SG estimators and weighted SG (Table 3) ; their residuals reflected only random variation rather than trends.
With linear radial increases in SG, conspecifics often exhibit different slopes because SG appears to be determined by age not by size of the tree (Castro et al. 1993 , Nock et al. 2009 , Williamson and Wiemann 2010b , 2011 . Therefore, trees of different sizes, but the same age, exhibit linear increases with different regression coefficients. In this regard, the Wiemann approximation accommodates natural variation as long as all radial increases are linear. However, if individual trees vary in the degree of linearity versus nonlinearity of radial increases, then the approximation is inapplicable.
The most common SG patterns in tropical trees are linear radial increases or constant SG across the radius (Wiemann and Williamson 1989a , 1989b , Rueda and Williamson 1992 , Butterfield et al. 1993 , Parolin 2002 , Nock et al. 2009 ). In prior studies, radial variation was usually tested Table 2 . Residuals between estimators and SG W are summarized as means of the residuals, SDs of the residuals, and means of the AVs of the residuals for each of the three data sets (pith-to-bark one core only; entire diameter, long core; entire diameter, short core). for linearity by least-squares regression. In cases in which the SG-radius relationship has been determined for a series of conspecifics, the most significant linear increases are evident in medium and large diameter individuals. Radial changes in SG of small diameter trees are less predictable. If linearity is not known and cannot be presumed and its assumption would result in an unacceptable error, the radial pattern from a small number of complete bark-to-pith samples can be examined initially to ascertain the degree of linearity in the SG-radius relationship. In general, a minimum of five individual trees should be bored to the pith, the cores extracted and cut into short segments, and the SG of segments determined to test the degree of linearity (Wiemann and Williamson 1988, Williamson and Wiemann 2011) . If a point of approximation can be determined reliably, then additional trees need only be bored to that point. Therefore, the utility of the approximation is greatest when the SG values of a large number of individuals of a species need to be determined or when linearity can be assumed or is known. If the SG values are to be used in biomass studies that include many species, the accuracy of the method will depend on the degree of SG 2/3 overestimates versus underestimates across species and their sizes and abundance.
No

Nonlinear Radial Changes in SG
Nonlinear radial changes may characterize some species or occasionally an aberrant tree of a species that otherwise exhibits linear increases. SG 2/3 overestimated SG W in Astronium graveolens and Bombacopsis quinatum but underestimated it in Simarouba glauca, all three dry forest species with nonlinear radial changes. The pith-to-bark SG trend for Astronium graveolens #56 was parabolic on both sides of the pith (Figure 3g ), suggesting that this species would require a nonlinear SG-radial distance function to determine a point of approximation. SG 2/3 overestimated SG W in one tree of Apeiba aspera (#85, 27-cm radius) but underestimated it in two others (#89, 24-cm radius and #90, 22-cm radius) (Appendix). The wood of Apeiba is characterized by wide, irregularly spaced bands of parenchyma, which affect the SG of the wood. When the low-density parenchyma is abundant, as it was in the segments from two-thirds of the radius in the shorter cores, SG 2/3 underestimates SG W ; when the parenchyma is absent, as it was in the longer core, SG 2/3 overestimates SG W . One of our two Nectandra cufodontisii (#286) illustrated a stepwise trend in pith-to-bark SG (Figure 3j) . Further sampling would be needed to determine whether these species are characterized by nonlinear radial variation.
Trema micrantha is a species characterized by a linear radial increase in SG, but we cored one aberrant individual. Six of the seven individuals sampled showed linear increases (Appendix), but the long core of Trema #141 showed a distinctly nonlinear radial increase (Figure 3c ).
Eccentricity
Determining the degree of eccentricity may be equally important because application of the approximation assumes that a tree is symmetrical and not eccentric. Our results with cores extracted from opposite sides of the same tree showed that estimating true SG W using SG 1/6dib resulted in only slightly larger residuals and AVs of residuals than did using SG 2/3 . Residual differences between SG W and SG 1/6dib across the 70 pith-to-bark cores from the 35 trees sampled bark to bark were within 0.02 SG unit for 44 (63%) of the cores and within 0.05 SG unit for 64 (91%) of the cores. The mean AV of the residuals between SG W and SG 1/6dib was 0.018 for the long cores and 0.017 for the short cores; only the SG 2/3 estimator gave smaller means (0.015, long cores; 0.013, short cores). SG M had a relatively small mean AV of the residuals on the short cores (0.020) but a larger mean on the long cores (0.024) ( Table 2) .
Differences between SG 1/6dib and SG 2/3 can result from eccentricity in the trunk such that pith-to-bark cores are not of equal length. The dib can be estimated by measuring the dbh and subtracting twice the value of the bark thickness. The one-sixth dib point is one-sixth of the dib measured from the outermost xylem inward toward the pith. When radii are different, the one-sixth dib will penetrate past one-third of the radius on the short core but not reach one-third of the radius on the long core (Figure 3b ). Therefore, when SG increases with distance from the pith, SG 1/6dib from the short core will underestimate SG W and SG 1/6dib from the long core will overestimate SG W . The differences will be minor as seen in our data, unless the eccentricity is large. When compared with the AV of the residuals of SG 2/3 , those of SG 1/6dib were significantly larger (by at least 0.03 SG unit) for Astronium graveolens #56, long core (0.052 SG unit) ( Figure 3g) ; Bursera simaruba #77, short core (0.032 SG unit); Cochlospermum vitifolium #67, short core (0.030 SG unit) ( Figure 3k) ; Ochroma pyramidale #115, short core (0.054 SG unit) ( Figure 3b) ; and Symplocos serrulata #108, short core (0.070 SG unit) (Figure 3l ). Of these five trees, Ochroma pyramidale #115 (Figure 3b) and Bursera simaruba #77 exhibited regressions with high r 2 values but substantial eccentricity, with cores of 22 and 32 cm for Ochroma pyramidale #115 and 9 and 12 cm for Bursera simaruba #77. Astronium graveolens #56 was not eccentric but had SG-radius regressions with low r 2 values and nonlinear SG-distance variation (Figure 3g) . Finally, Cochlospermum vitifolium #67 had both eccentricity and low r 2 (Figure 3k) .
One remedy for the problem of notable eccentricity is to bore a tree to one-sixth of its dib from opposite sides and average the two samples, as the mean exhibits an improvement over either the long core or the short core estimate. In addition, taking two short core samples is considerably easier than completing a bark-to-pith core, especially in large trees or in species with very dense wood.
Other Estimators of SG W
The worst estimator of SG W was SG I . On the one hand, this estimator is of little practical importance because the inner wood is the most inaccessible to sample in large trees. However, the inner wood is the wood first produced, so it is the wood of small trees. It should not be assumed to be representative of larger individuals. For species with radial increases in SG, SG I will underestimate SG W. If researchers use compiled SG data in their studies, large errors may result if the data are not representative. The extent to which smaller trees have been sampled to represent all individuals of a species is unknown, but one example illustrates the potential error. The online database initiated by Chave et al. (2006) (www.esapubs.org/archive/appl/A016/075/listreferences.txt and www.esapubs.org/archive/appl/A016/ 075/wood-density-file.txt) lists 10 SG values for Ochroma pyramidale, ranging only from 0.11 to 0.22. However, wood SG of this species is known to increase sharply from approximately 0.04 for inner wood to 0.40 for outer wood of large individuals (Whitmore 1973) . Therefore, the online database seems to reflect sampling of smaller dbh individuals.
Use of SG O for estimating SG W of a species can also produce errors. In the example above, the outermost wood of large individuals of Ochroma pyramidale would overestimate SG W of individuals in an early successional stand. Outer wood may be sampled by default with increment hammers and short increment borers.
Even though it is not weighted to represent wood volume, SG M gave surprisingly good estimates of SG W . Its accuracy was better than that of all other estimators except SG 2/3 and SG 1/6dib , but it had a negative bias (Table 2; Figure 2 ). The bias can be attributed to the inclusion of a large number of species with radial increases in SG, but its better than expected accuracy is probably due to the inclusion of species whose SG did not change with radius ( Figure  3e ) or had irregular changes (Figure 3g) . Overall, the adequacy of SG M implies that prior studies based on cores, without weighting by area of each radial piece, may have provided relatively unbiased estimates of SG W . SG 1/3 and SG 1/2 were, not surprisingly, intermediate between SG I and SG 2/3 . SG 1/3 and SG 1/2 are of little importance unless a researcher makes the erroneous assumption that small stem SG represents large stem SG (SG 1/3 ) or that wood midway between the pith and the bark is representative of the whole stem (SG 1/2 ).
Branch wood has also been used to estimate SG W (Swenson and Enquist 2008) , but even if branch wood approximates trunk sapwood SG, it may not be representative of trunk heartwood (Okai et al. 2004 ). In addition, for species with radial increases in SG, initial branch wood SG may be similar to that of the outer or the inner trunk wood xylem, depending on the age and height at which the branch is initiated (Rueda and Williamson 1992) . Moreover, a recent, large survey of Amazonian trees revealed that branch wood xylem was surprisingly plastic despite having a genetic component (Patiño et al. 2009 ).
Limitations of the Current Study
Larger sample sizes per species are needed to further test the Wiemann approximation. We used the largest data sets available to us, in which SG was measured in 1-cm sections from bark to pith. Our data set for testing the approximation was moderately large because we had sampled trees previously to determine radial shifts in SG in prior studies, but the number of individuals was small for many species. These prior studies focused largely on successional species of lowland rainforests of Costa Rica, although we obtained and included parallel data for later successional species (Wiemann and Williamson 1988 , 1989a , 1989b as well as species of temperate, tropical dry, and tropical montane forests for comparisons. However, our data do not approximate a random or representative sample of tree species from any given community or biome. Obviously, information on radial patterns in SG from other species and the applicability of the approximation to them are needed to further test this methodology to estimate wood SG.
Conclusions
Wood SG values of tree cross-sections were estimated from cores for a sample of 102 tropical trees (47 species) and 16 temperate trees (12 species) sampled only on one side and for 26 tropical trees (14 species) and 9 temperate trees (9 species) sampled bark to bark through the pith. For linear (or no) changes in SG across the radius, the point of approximation, equal to the weighted mean wood SG, was found at two-thirds of the distance from pith to the bark. For trees with linear radial increases, SG at this two-thirds distance was not significantly different from the weighted mean SG of a complete pith-to-bark core, but other points along the radius were different from the weighted mean. For this approximation to be useful in the field, the point would be estimated as one-sixth dib, measured as one-sixth of the distance from the inside of the bark toward the pith. For trees that are not eccentric, the location of one-sixth of the dib inward and two-thirds of the radius outward coincide. As trees become more eccentric, the two points diverge and SG estimates will diverge, although in the data set here, such divergences were minor and infrequent. Therefore, the Wiemann approximation shows promise. However, its usefulness in estimating the wood SG of a species is conditional on knowledge of the pattern of radial change in SG and the degree of eccentricity in the species (Williamson and Wiemann 2011 Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
